ABSTRACT Background: Although walking is the most popular leisure-time activity for adults, few long-term, longitudinal studies have examined the association between walking, an affordable and accessible form of physical activity, and weight gain. Objective: The objective was to evaluate the association between changes in leisure-time walking and weight gain over a 15-y period. Design: Prospective data from the Coronary Artery Risk Development in Young Adults (CARDIA) Study of 4995 men and women aged 18-30 y at baseline (1985)(1986)) from 4 US cities and reexamined 2, 5, 7, 10, and 15 y later. Sex-stratified, repeated-measures, conditional regression modeling with data from all 6 examination periods (n ¼ 23,633 observations) was used to examine associations between walking and annualized 15-y weight change, with control for 15-y nonwalking physical activity, baseline weight (and their interaction), marital status, education, smoking, calorie intake, and baseline age, race, and field center. Results: Mean (6SE) baseline weights were 77.0 6 0.3 kg (men) and 66.2 6 0.3 kg (women), weight gain was '1 kg/y, and the mean duration of walking at baseline was ,15 min/d. After accounting for nonwalking physical activity, calorie intake, and other covariates, we found a substantial association between walking and annualized weight change; the greatest association was for those with a larger baseline weight. For example, for women at the 75th percentile of baseline weight, 0.5 h of walking/d was associated with 8 kg less weight gain over 15 y compared with women with no leisure time walking. Conclusion: Walking throughout adulthood may attenuate the longterm weight gain that occurs in most adults.
INTRODUCTION
Walking, a relatively inexpensive and easily accessible form of physical activity, has been shown to be acceptable for adults of all ages (1, 2) . Because it is suitable for most people, walking is generally reported as the most popular leisure-time physical activity for adults (3) (4) (5) and has been specifically promoted as a targeted activity to achieve national physical activity recommendations (1, 6) . For most adults, walking 60 min/d at a brisk pace is sufficient to meet the Institute of Medicine's physical activity guidelines for avoiding weight gain (7) (8) (9) .
Many studies have reported a decreased physical activity and an increased prevalence of overweight/obesity across all sex, age, and race/ethnic groups examined in the past 2 decades (10-13). Walking may contribute to the longitudinal change in overall activity patterns over time. Findings from the first 7 y of the Coronary Artery Risk Development in Young Adults (CARDIA) Study indicate an average decline in the physical activity score of '50% from age 18 to 37 y across all race-sex groups, with declines in most moderate and vigorous activities, including walking and hiking (11) .
Research findings suggest an inverse relation between walking and adiposity (14, 15) . However, very little data have been published on longitudinal trends in walking, how such trends might impact weight change over the course of adulthood, and whether changes in walking behavior and weight outcomes differ by sex. Of particular relevance is whether walking, a relatively low-intensity activity, can play a positive role in the reduction of long-term weight gain. In this study we used longitudinal data from the CARDIA Study spanning 15 y and 6 measurement occasions to investigate the association of longitudinal changes in walking, total physical activity, and weight change over a 15-y follow-up.
SUBJECTS AND METHODS

Study sample
The CARDIA Study is a population-based prospective epidemiologic study of the determinants and evolution of cardiovascular disease risk factors among young adults. At baseline (1985) (1986) , 5115 eligible participants aged 18-30 y were enrolled with balance according to race (black and white), sex, education (high school or less and more than high school), and age (18-24 and 25-30 y) from the populations of Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA. Specific recruitment procedures were described elsewhere (16) . Followup examinations were conducted in 1987-1988 (year 2), 1990-1991 (year 5), 1992-1993 (year 7), 1995-1996 (year 10), and 2000-2001 (year 15), with retention rates of 90%, 86%, 81%, 79%, and 74%, respectively.
Of the initial 5115 participants, there were a total possible 30,690 observations across the 6 examination periods. We excluded observations for women who were pregnant at the time of examination (n ¼ 257 observations; including period-specific nonpregnant observations), observations with missing adjacent weight measures to derive weight change (6188 observations), and missing covariate data (n ¼ 612 observations). The final sample for analysis included all available exposure, outcome, and covariate data across the 6 examination periods, totaling 23,633 observations for 4995 individuals. The current secondary data analysis was approved by the CARDIA Steering Committee and the Institutional Review Board of University of North Carolina at Chapel Hill.
Exposure and outcome measures
Weight change
Weight was measured to the nearest 0.1 kg with a calibrated balance-beam scale from participants wearing light indoor clothing and no shoes. Weight change was treated as a continuous variable, calculated as the difference between measurements. In statistical models, we used annualized weight change to correct for the unequal time between observations. In addition, we created a 3-level categorical weight change measure based on changes between each examination period (t i 2t i-1 ): weight maintenance was defined as a change within 6 1 kg based on distribution of the sample (approximate mean annualized weight change 11 kg/y), weight gain as an increase .1 kg, and weight loss as a loss .1 kg.
Walking patterns and trends
At each examination, self-reported physical activity was ascertained with the use of an interviewer-administered questionnaire designed for the CARDIA Study. Participants were asked about the frequency of participation in 13 different activity categories (8 vigorous and 5 moderate) of recreational sports, exercise, leisure, and occupational activities over the previous 12 mo. Vigorous activities included running, racquet sports, bicycling faster than 10 miles/h, swimming, vigorous exercise classes, sports (eg, basketball and football), heavy lifting, carrying or digging on the job, and home activities such as snow shoveling or lifting heavy objects. Moderate activities included nonstrenuous sports (eg, softball), walking, bowling, golf, home maintenance (eg, gardening and raking), and calisthenics. Physical activity scores are expressed in exercise units (EU) computed by multiplying the frequency of participation by the intensity of the activity separately for heavy (ie, vigorous) and moderate activities and summing the 2 subscores for a total physical activity score. As an example, a score of 100 EU is roughly equivalent to participation in a vigorous activity 2-3 h/wk for 6 mo of the year. The reliability and validity of the instrument is comparable with that of other activity questionnaires (17, 18) .
We created a specific walking score derived from walking items in the physical activity questionnaire described above. We used a continuous walking score, ranging from 0 to 144 units, 144 representing regular walking !4 h/wk over 12 mo at 3 metabolic equivalents (METs) (72 EU is equivalent to '2 h/wk, and 36 EU is equivalent to '1 h/wk). We also categorized walking: periodspecific nonwalkers (walking score: 0), tertiles within walking scores ranging from 1 to 143 [level 1 (score: 1-24), level 2 (score: 24-48), and level 3 (score: 49-143)], and consistent (level 4) walkers (score: 144). A nonwalking physical activity score (total physical activity score minus walking score) was also created.
Although period-specific nonwalkers were included, consistent nonwalkers (scores of 0 for walking at all examination years) were excluded (n ¼ 241) to allow investigation of time-varying shifts in walking scores among those who walked at any point during the 15 y. Comparisons (t tests) between consistent nonwalkers and the analysis sample indicated no statistically significant differences in weight changes and total nonwalking physical activity between excluded and included individuals in any of the examination years, although a greater proportion of consistent nonwalkers were black men (P , 0.01).
Additional covariates
Time-invariant measures included race/ethnicity, sex, and baseline clinic study center. Time-varying measures included age, educational attainment, marital status, smoking status (current, former, or never), and calorie intake, calculated from the participants dietary questionnaires at baseline and at the year 7 examinations.
The CARDIA diet-history questionnaire collected information about usual dietary practices and quantitative food frequency over the previous 28 d ( 19) , with reliability and validity based on correlations between daily nutrient intakes and calorie-adjusted nutrient values from 2 histories ranging from 0.50 to 0.80 for whites and from 0.30 to 0.70 for blacks (20) . To make use of the temporal data, we used the baseline measure for examination years 0-5 and the year 7 measure for examination years 7-15. Given the fair to moderate tracking of calorie intake shown in the literature, regardless of cohort age, study duration, or diet collection method (21-23), we used the baseline and year 7 measures as a rough control for calorie intake.
Statistical analysis
Statistical analyses were conducted by using Stata software (version 9.2; Stata Corp, College Station, TX) (24) . Descriptive statistics were computed for walking and physical activity scores, weight status, calorie intake, smoking, and sociodemographic factors. Percentages were calculated for categorical variables. Continuous variables are presented either as means and SEs or as medians and interquartile ranges (for skewed measures).
We used longitudinal, repeated-measures conditional regression modeling to estimate the longitudinal association between walking and weight change. These models, conditioned on the subject, do not estimate parameters for variables constant within subjects (ie, race, sex, and study center), but have the advantage of adjusting for potential confounding by all measured and unmeasured characteristics of individuals (or within-person effects). The models adjust for the correlation between repeated observations taken in the same subject and have the advantage of handling longitudinal data on subjects with varying number and unequally spaced observations, thereby allowing for inclusion of the maximum number of data points (25) (26) (27) . These models used all available data across 15 y and 6 examination periods.
We regressed annualized 15-y weight change (t i 2t i-1 ) (continuous) on walking score (continuous) across the 6 examinations, controlling for time-varying factors: demographic factors [including age (continuous), education (high school or .high school), marital status (married or marriage-like relation or single)], lifestyle factors (including nonwalking physical activity, continuous EU/d), daily calorie intake (continuous), smoking status (current, former, or never smoker), and time-invariant, baseline factors [including baseline race (black or white), sex (women or men), and study center (Birmingham, Chicago, Minneapolis, or Oakland, referent). Interactions between baseline weight and walking score, walking score and sex, walking score and race, and walking score and age were tested by including the appropriate cross-product terms in the model and assessing likelihood ratio tests (P 0.01). Final models were stratified by sex and included an interaction term for walking score and baseline weight. Variables were retained in models if backward elimination resulted in a .10% change in the estimated effect measures or if variables were conceptually relevant (eg, control for clinic site). Given the interaction terms and complexity of interpretation of the repeated-measures conditional regression model results, we present predictions based on model coefficients from the estimation equation, which estimate predicted cumulative 15-y weight changes, adjusted for model covariates.
Using longitudinal, repeated-measures conditional regression modeling, we also predicted a categorical 15-y weight change. This model assessed the relation between categories of walking score across the 6 examinations (1-24 EU, 24-48 EU, 49-143 EU, and 144 EU relative to 0 EU) and 3 categories of 15-y annualized weight change (kg/y) based on changes between each examination period (t i 2t i-1 ) (weight maintenance 61 kg/y and .1 kg/y weight loss relative to .1 kg/y weight gain), with control for demographic and lifestyle factors as the longitudinal, repeatedmeasures conditional regression model. Tests for interaction (cross product term effect measures and likelihood ratio tests) were undertaken. On the basis of this model, interaction terms were not warranted and thus were not retained in the final model.
RESULTS
Descriptive characteristics
At baseline, the sample was approximately equally balanced with respect to race and sex ( Table 1) . Over the 15-y period, there was an increase in mean body weight and body mass index (BMI; in kg/m 2 ), with each examination period having a higher mean than the preceding period (P 0.05). Annual weight change (kg/y) was statistically different from zero (P 0.05).
Because of the skewed distribution, we presented medians and interquartile ranges for walking and physical activity scores, although mean differences were tested. The median walking score generally declined over time, with significant decreases between examination years 0 and 2 and years 2 and 5 (P 0.05) and fairly high within-subject variation (intraclass correlation: 0.27; 95% CI: 0.26, 0.29). However, the nonwalking physical activity score decreased significantly between examination years 0 and 2 and years 5 and 7 (P 0.01). Walking and nonwalking activities were positively associated at all examination years (P ¼ 0.0001). In a crude regression model, on average across all examination years, a 1-unit increase in the walking score predicted a 0.91-unit (95% CI: 0.85, 0.98) increase in total nonwalking physical activity.
Across all years, women had significantly higher mean walking scores than did men ( Table 2 ). The full sample had an annualized weight gain of '1 kg/y in the first 3 examinations of follow-up, with a somewhat reduced mean weight gain in the past 2 observation periods. Women had a higher mean annualized weight gain than did men at year 10 only.
A small proportion of the sample had an average weight loss .1 kg/y across time ( Figure 1) . The proportion of the sample that gained weight decreased over time (P for trend , 0.0001), and the categories for weight maintenance increased over time (P for trend , 0.0001). The proportion of the sample within categories of walking score fluctuated slightly across examination years, with a general reduction in the proportion of those who walked at the highest level that was observed mostly in the earlier examination years (P for trend , 0.0001) (Figure 2) . Across the 15-y period, just under 50% of the sample was in the lower 2 categories of walking ( 0.5 h/wk); with 23-29% reported no walking per week.
Longitudinal models
Using the longitudinal, repeated-measures conditional regression model predicting annualized weight change, we found a substantial association of walking with weight change, after accounting for nonwalking physical activity, calorie intake, and other relevant covariates. We found a significant interaction between baseline weight and walking score and between walking score and sex. Associations were tested by using the 25th, 50th, and 75th percentiles of baseline weight given linear fit and to illustrate effects. These associations were greatest for those with the highest baseline weight and were strongest among women. To facilitate interpretation of the walking and baseline weight interaction term from the repeated-measures conditional regression model, we present predictions generated from the model coefficients (Figure 3) , interpreted as the average association of a change in walking score with total annualized weight change over 15 y for different levels of baseline weight. In the figure, total 15-y weight change for women at the highest baseline weight (!75th percentile) with no walking (walking score: 0 EU) was predicted to be 13 kg, whereas it was only 5 kg (or 8 kg less weight gain over the 15 y) for those with the highest 15-y walking score (144 EU). In contrast, for men, the greatest difference in predicted weight gain was 4 kg for the comparison between those at the highest baseline weight (walking score: 144 EU) of walking relative to those with no walking (walking score: 0 EU), regardless of baseline weight. The inverse association between walking and weight gain was evident across all baseline weight categories for women and men.
A substantial proportion of the participants gained weight over the 15-y period (36-47% of the sample across each examination year; Figure 1 ). The likelihood of 15-y weight loss (and weight maintenance) compared with weight gain by longitudinal walking level, with control for key covariates with no need for interaction terms, is shown in Table 3 . The likelihood of weight loss and maintenance was relatively higher at higher walking levels. The greatest associations were evident at the highest walking level, ie, a 44% increased odds of weight loss compared with gain relative to those who did not walk at all and a 19% increased odds of weight maintenance compared with gain. We also found associations between smoking (negative), marriage (positive), and weight gain.
DISCUSSION
We found a statistically robust relation between temporal change in walking and long-term weight change. Furthermore, an 1 Full sample included 5115 subjects at baseline. Exclusion criteria: women pregnant at time of examination and subjects missing adjacent weight measures to derive weight change. EU, exercise units calculated on the basis of frequency and intensity of activity. Statistical testing applied when the P for trend was ,0.01 by examination year. Testing only applied for outcome (body weight) and main exposure (physical activity) data. Differences between control variables were not tested.
2 Significant main effect of time, P , 0.00001 (one-factor ANOVA). 3 Mean 6 SD (all such values). 4 Significantly different from previous examination year (eg, year 2 vs year 0), P , 0.01 (t tests with Bonferroni correction). 5 Significantly different from zero, P , 0.05 (t test with Bonferroni correction). 6 Values are medians (interquartile ranges) presented because of skewness of the physical activity score. 7 P for trend , 0.0001. 8 Significantly different from previous examination year (eg, year 2 vs year 0), P , 0.01 (Wilcoxon's signed-rank tests with Bonferroni correction). 9 Married or living with someone in a married-like relation. 10 Intake at examination years 0-5 is based on baseline intake; intake at examination years 7-15 is based on intake at year 7. increase in walking over the early to middle adult years was associated with less weight gain over time and an increased likelihood of weight loss and maintenance compared with weight gain. The strongest association was found in heavier women (with baseline weight at the 75th percentile or 73.0 kg). For these women, consistent walking of !4 h/wk (144 EU) was associated with less weight gain ('0.5 kg/y), or 8 kg less over the 15-y period relative to women with a walking score of 0 EU, whereas walking 2 h/wk (walking score: 72 EU) for women at the 75th percentile of baseline weight was associated with less weight gain (0.3 kg/y), or 4 kg less over the 15-y period relative to women with a walking score of 0 EU. Essentially, these results translate to a reduced weight gain of '0.5 kg/y with each 0.5 h of walking per week for women who were heavier at baseline.
It was our aim to explore the association between walking and weight change, holding other forms of physical activity constant.
Thus, in this study, we were explicitly not interested in the physiologic effects of walking compared with other forms of physical activity. Nonetheless, using an interaction between walking and nonwalking physical activity (data not shown), we found that the negative association between walking and annual weight change was stronger for participants with low than for women with high nonwalking physical activity. Furthermore, we were most interested in determining policy and intervention practicality of consistent (as opposed to inconsistent) walking over time.
Our findings are in line with research on other forms of physical activity spanning shorter time frames (28) . For example, 1 All values are mean 6 SE. EU, exercise units calculated on the basis of frequency and intensity of activity.
2 Sex-by-time interaction for walking score, P ¼ 0.02 (likelihood ratio test). 3 Within sex, P for trend , 0.05. 4 Significantly different from men, P , 0.05 (t test). 5 Main effect of time within sex, P , 0.00001 (one-factor ANOVA). others found evidence suggesting that physical activity may attenuate weight gain (29) (30) (31) (32) . However, these findings are based on shorter time periods of follow-up and fewer repeated measures (generally just 2 repeated visits). Other research shows a negative association between walking and adiposity (14, 15) . However, additional research suggests that the relation between adiposity and vigorous activity depends on BMI. For example, among women, for each mile of running per week, the decrease in BMI was 9-fold greater at the 95th than at the 5th percentile of BMI (33, 34) . A cross-sectional analysis on walking suggests that associations of walking with adiposity may also be greatest among heavy women (35) .
Our findings also contribute to the literature on small changes in physical activity and the prevention of weight gain (36, 37) . Particularly relevant is the contrast between old-order Amish who walk an average of 18,000 (men) and 14,000 (women) 1 Coefficients presented as adjusted odds ratios (weight loss vs weight gain; weight maintenance vs weight gain). Longitudinal, repeated-measures conditional regression modeling predicting weight loss (.1 kg/y) and weight maintenance (within 61 kg/y relative to weight gain .1 kg/y on the basis of changes between each examination period (t i 2t i-1 ), with control for the covariates listed above. These models, conditioned on the subject, do not estimate parameters for variables that are constant within subject (ie, race, sex, baseline weight, and study center). Ref, referent category; EU, exercise units calculated on the basis of frequency and intensity of activity.
2 To maximize interpretation and because the exercise units (EU) of the analysis were small, the odds ratios are presented at 50 EU (equivalent to '1.5 h/wk). steps/d and who have a very low prevalence of obesity (38) and that of Colorado adults who walk ,7000 steps/d on average (with obese adults walking an average of 2000 fewer steps than normal-weight adults) (39) . Whereas our findings on the role of walking on weight gain attenuation indicate modest associations, they can have a substantial impact on both the individual and population levels, especially over long periods. Furthermore, adding between 2 and 4 h of walking per week are clearly achievable targets from a public health perspective. Of particular relevance is our finding of a greater association in heavier women at baseline, because heavier weight is often a barrier to physical activity (40) . Walking is a particularly good form of activity to target. Furthermore, walking can be integrated beyond leisure into active transportation or commuting (41) (42) (43) (44) and overall lifestyle or utilitarian activity (1, (6) (7) (8) .
The strengths of this study include its use of complete, detailed, longitudinal data over a 15-y time span and standardized repeated measures of physical activity, including estimates of a variety of types of activities made with an instrument with known reliability and validity. We examined the independent associations of walking, controlling for other forms of selfreported physical activity as well as total calorie intake, to assess the independent associations of walking with long-term weight change. Furthermore, longitudinal, repeated-measures conditional regression modeling is the most powerful statistical technique for exploring average associations of walking with average weight gain over time.
Despite these strengths, this study had some limitations. The CARDIA Study data are observational in nature, and our results do not imply causality. We used weight change as our outcome measure and thus were unable to distinguish between weight gain in fat (adverse) and in lean (nonadverse) compartments. The study was further limited by self-reported physical activity data and other lifestyle factors, and we could not completely control for misreporting, which may have resulted in overreporting of walking and nonwalking physical activities. Furthermore, whereas the use of usual patterns is a well-validated approach to collecting time use data and has been extended over the past decade to physical activity measures, it is possible that the yearly recall measure does not capture the variability of walking within the year. Although the CARDIA Study boasts high retention rates over the 15 y of study, some study subjects were not available for adjacent measurements, which precluded our ability to create a measure of weight change for these subjects. It is possible that such data are not missing at random. Similarly, we do not have diet data at every examination, so we cannot discount the possibility that the heavier women were trying to lose weight by walking, changing their diets, or engaging in other weight-loss behaviors, which may be associated with increased actual (or recalled) walking. Individuals who did not lose weight through walking may underreport their walking, whereas those who did lose weight may overreport walking, which may lead to an overestimate of the association between walking and weight change. Analyses of measures of change are also limited by floor and ceiling effects that would tend to attenuate the observed relations.
In summary, this study provides evidence that a higher frequency of walking is accompanied by a reduced weight gain and an increased likelihood of weight loss and weight maintenance over young-to-middle adulthood. That is, each extra 0.5 h/d of walking was associated with an annual reduced weight gain of 1 lb (0.54 kg) or 15 lb over 15 y for women who were heaviest at baseline. The results were similar, but of less magnitude, in men. Importantly, this association held when we separated walking from nonwalking physical activity and held all other energy expenditures constant. Thus, the women who were heaviest at baseline may have received the greatest benefit from walking. Walking is of particular relevance because it is generally an affordable and accessible form of physical activity for most people. The proposition in this study was not that walking is physiologically more beneficial than other forms of physical activity, but rather that walking may be more practical in terms of policy and intervention purposes and that substantial weight control can be attained by walking.
